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IXQFWLRQDO FKDUDFWHULVWLFV ,Q RUGHU WR WUDQVIRUP D FRDUVH JUDLQHGPHWDO RU DOOR\ LQ WR DPDWHULDOZLWK XOWUDILQH RU
QDQRVFDOHJUDLQV WKURXJKWRSGRZQDSSURDFKLWLVYHU\HVVHQWLDOWRLPSRVHYHU\KLJKVWUDLQVLQWKHPDWHULDO VRDVWR
LQWURGXFHDKLJKGHQVLW\RIGLVORFDWLRQVZKLFKVXEVHTXHQWO\UHDUUDQJHWRIRUPDQDUUD\RIJUDLQERXQGDULHVLQWKH
PLFURVWUXFWXUH &RPSDUHG WR RWKHU 63' WHFKQLTXHV KLJKSUHVVXUH WRUVLRQ +37 LV SUREDEO\ WKH PRVW HIILFLHQW
WHFKQLTXH IRU JUDLQ UHILQHPHQW VLQFH H[WUHPHO\ ODUJH VWUDLQ DQGKLJKSUHVVXUH FDQEH DSSOLHG WR VSHFLPHQVPRUH
FRQYHQLHQWO\ FRPSDUHG WRRWKHU63' WHFKQLTXHV VXFK DV WKHZHOONQRZQ UHSHWLWLYH FRUUXJDWLRQ DQG VWUDLJKWHQLQJ
5&6 HTXDOFKDQQHODQJXODUSUHVVLQJ(&$3 DQGDFFXPXODWLYHUROOERQGLQJ$5%
7KH KLJK VWUDLQV LQGXFHG E\ 63' OHDG WR KLJK GHQVLWLHV RI GHIHFWV LQFOXGLQJ GLVORFDWLRQV DQG WZLQV LQ




IUDJPHQWDWLRQ RI SUHH[LVWLQJ SUHFLSLWDWHV GXH WR D KLJK VWUDLQ DSSOLHG E\ WKH SURFHVVLQJ LL DFFHOHUDWHG
SUHFLSLWDWLRQZKLFK LV REVHUYHG LQ$OXPLQLXP DOOR\V SURFHVVHG E\63' DW UHODWLYHO\ KLJK WHPSHUDWXUHV LLL WKH
GLVVROXWLRQ RI SUHFLSLWDWHV WKDW RFFXU GXULQJ 63' SURFHVVLQJ DW ORZDPELHQW WHPSHUDWXUHV DQG LY FKDQJLQJ WKH
RULHQWDWLRQ RI SUHFLSLWDWHV LQ WKH PDWUL[ 7KLV OHDGV WR LVRWURSLF JURZWK RI WKH SUHFLSLWDWHV LQWR D VSKHULFDO
PRUSKRORJ\GXHWRWKHORVVRIWKHORZHQHUJ\LQWHUIDFHEHWZHHQWKHSUHFLSLWDWHVDQGWKH$OPDWUL[ ,QFRQWUDVWWRWKH
FRQYHQWLRQDOSURFHVVHVRIKLJKGHIRUPDWLRQOLNHUROOLQJRUZLUHGUDZLQJZKLFKVWURQJO\FKDQJHWKHJHRPHWU\RIWKH
VDPSOH63' WHFKQLTXHVGRQRW LQYROYH FKDQJHV LQ WKHPDWHULDO JHRPHWU\63' WHFKQLTXHV WRGD\ DUHGHYHORSLQJ
YHU\IDVWDQGDUHPRYLQJIURPODERUDWRU\VFDOHUHVHDUFKLQWRFRPPHUFLDOSURGXFWLRQ
5HSHWLWLYHFRUUXJDWLRQDQGVWUDLJKWHQLQJ5&6LVWKH63'WHFKQLTXHWKDWFDQFUHDWHXOWUDILQHJUDLQHGPDWHULDOV
IUHHRISRURVLW\DQGDOVRFDQEHHDVLO\DSSOLHGWRODUJHVFDOHLQGXVWULDOSURGXFWLRQ >5DMLQLNDQWK HWDO@ 7KLV
LQYROYHVWKHUHSHWLWLYHFRUUXJDWLRQRIDVDPSOHLQSRLQWEHQGLQJDQGWKHVXEVHTXHQWVWUDLJKWHQLQJEHWZHHQWZRIODW




PHWKRG DQG DOVR DV LW SHUPLWV D GHILQHG FRQWLQXHV YDULDWLRQ RI VWUDLQ ZKHUHDV PRVW 63' SURFHVVHV RIIHU RQO\ D
VWHSZLVH DSSOLFDWLRQ RI VWUDLQ 7KH SULQFLSOH RI +37 LV WKDW D VDPSOH JHQHUDOO\ LQ WKH IRUP RI D WKLQ GLVN LV
VXEMHFWHG WR D KLJKSUHVVXUH EHWZHHQ WZRPDVVLYH DQYLOV DQG WKHQSURFHVVHG WKURXJK WKH DSSOLFDWLRQRI WRUVLRQDO
VWUDLQLQJ ,QSUDFWLFHWKHVKHDUVWUDLQLPSRVHGRQ WKH +37 VDPSOHLVJLYHQE\WKHUHODWLRQVKLS
α  
:KHUH 1 LV WKHQXPEHURI +37 WXUQV U LV WKHUDGLDOGLVWDQFHIURPWKHFHQWHURIGLVNDQG K WKHGLVNWKLFNQHVV
























FXUYHV 8VLQJ WKH VRIWZDUH WKHPDFKLQHDXWRPDWLFDOO\SORWVFXUYHVRI WUXHVWUHVV9V WUXHSODVWLFVWUDLQ IURPWKHVH
ORDGGHIOHFWLRQFXUYHV)LQDOO\WKH\LHOGVWUHQJWKWKHXOWLPDWHWHQVLOHVWUHQJWK VWUDLQKDUGHQLQJFRHIILFLHQWVWUHQJWK
FRHIILFLHQWDQG%ULQHOOKDUGQHVVQXPEHU%+1 IRU WKH +37SURFHVVHGVDPSOHVZHUHREWDLQHGIURPWKHWUXHVWUHVV
9VWUXHSODVWLFVWUDLQFXUYHV >9HQNDWHVZDUOXHWDO@
)LJ VKRZV WKH LQGHQWDWLRQ SURILOHV GXULQJ WKH DSSOLFDWLRQ RI ORDG DQG RQFH DIWHU WKH ORDG LV UHOHDVHG IRU D
W\SLFDOORDGLQJXQORDGLQJVHTXHQFHHPSOR\HGLQ$%,WHFKQLTXH +HUH KW DQG GW DUHWKHWRWDOGHSWKDQGWKHGLDPHWHU
GXULQJ ORDGDSSOLFDWLRQDQGDUHPHDVXUHGIRUHYHU\ ORDGLQJF\FOH 6LPLODUO\ KS DQG GS DUH WKHSODVWLF LQGHQWDWLRQ
GHSWKDQGSURMHFWHGGLDPHWHURQFHWKHORDG LVUHOHDVHG$%,WHFKQLTXHXWLOL]HVWKHVHYDOXHVRI KW KS DORQJZLWKWKH
FRUUHVSRQGLQJORDGVLQ 1IRUGHWHUPLQLQJYDULRXVPHFKDQLFDOSURSHUWLHVRIPDWHULDOV
7KHKRPRJHQHRXVSODVWLFIORZSRUWLRQRIWKHWUXHVWUHVVı W 9VWUXHVWUDLQİS FXUYH FDQEHUHSUHVHQWHGE\WKH
IROORZLQJIDPLOLDUSRZHUODZHTXDWLRQ
   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:KHUH3 DSSOLHGORDGDQGGS SODVWLFLQGHQWHGGLDPHWHU,I( DQG ( DUHWKH<RXQJ¶VPRGXOXVRIWKHLQGHQWHU
DQGWKHVSHFLPHQWHVWHG UHVSHFWLYHO\WKHQ WKHSODVWLFLQGHQWHGGLDPHWHUFDQEH REWDLQHGE\





α ʹǤͺ͹ έ  
7KH SDUDPHWHU ĮP LQ WKH DERYH HTXDWLRQ GHSHQGVPDLQO\ RQ WKHZRUN KDUGHQLQJ FKDUDFWHULVWLF DQG VWUDLQ UDWH
VHQVLWLYLW\RIWKHPDWHULDOEHLQJWHVWHG7KHYDOXHRI ĮP YDULHVIURPWRIRUGLIIHUHQWPDWHULDOVDQGLWKDVWKH
YDOXH RI  IRU ORZ VWUDLQ UDWH VHQVLWLYH PDWHULDOV 7KH YDOXHV RI XOWLPDWH WHQVLOH VWUHQJWK ıXWV DQG WKH %ULQQHO
KDUGQHVVQXPEHU%+1DUHJLYHQE\WKHH[SUHVVLRQV




)XUWKHU WKH GDWD SRLQWV IURP DOO WKH ORDGLQJ F\FOHV DUH ILW E\ OLQHDU UHJUHVVLRQ DQDO\VLV WR WKH IROORZLQJ
UHODWLRQVKLSRI0H\HU >0H\HU@
 α  έ  
:KHUH P  0H\HU¶V FRHIILFLHQW ZKLFK JHQHUDOO\ KDV D YDOXH EHWZHHQ  WR  DQG $  PDWHULDO SDUDPHWHU
)LQDOO\ WKH \LHOGVWUHQJWK RIPDWHULDO FDQEH REWDLQHG XVLQJWKHIROORZLQJHTXDWLRQ
  α  έ  




7KHFRPPHUFLDO $O DOOR\SURFHVVHGE\+37 FRQWDLQV LQZW&X 6L 0Q 
0J)H =Q &UDQGRWKHUVZLWKWKHUHPDLQLQJDVDOXPLQLXP 7KLVLVDKLJKVWUHQJWK
DOOR\DWKLJKHU WHPSHUDWXUHVDQGDOVRDWDPELHQW WHPSHUDWXUH ,WVKRZVZRQGHUIXO ILQLVKDELOLW\ EHWWHUZRUNDELOLW\
DQGDOVRJRRGPDFKLQDELOLW\7KHVHFRQGDOOR\SURFHVVHGE\+37 ZDV $O DOOR\ZKLFKLVDGHULYDWLYHRI$O
 DOOR\ FRQWDLQLQJLQZW=Q0J &X &U )H6L 0QDQG
 RWKHUVZLWKWKHUHPDLQLQJDVDOXPLQXP $O DOVRLVDKLJKVWUHQJWKDOOR\ZLWKDSSUHFLDEO\KLJKHUOHYHO
RIIUDFWXUHWRXJKQHVV $VERWKRIWKHVHDOOR\VILQGZLGHDSSOLFDWLRQVLQPDQ\DHURVSDFHVWUXFWXUDOHOHPHQWVIXUWKHU
LPSURYHPHQW LQ WKHPHFKDQLFDO SURSHUWLHV RI WKHVH DOOR\V KDV DOZD\V DWWUDFWHG VXIILFLHQW UHVHDUFKZRUN &LUFXODU
GLVNVRI$ODOOR\DQG$ODOOR\ZHUHSUHSDUHG ZLWKD WKLFNQHVVRIaPPDQGDGLDPHWHURIPP
7KHVHGLVNVZHUHSURFHVVHGE\TXDVLFRQVWUDLQHG+37XQGHUDQLPSRVHGSUHVVXUHRI*3DDQGDWDURWDWLRQDOVSHHG
RIUSP 7KHGHWDLOVRI+37SURFHVVLQJZHUHGHVFULEHGLQHDUOLHUUHSRUW >5DMLQLNDQWKHWDO @ 6HSDUDWH GLVNV
ZHUHSURFHVVHGWKURXJKóòôDQGUHYROXWLRQVRI+37DWDPELHQWWHPSHUDWXUH 'XULQJSURFHVVLQJFDUHZDV
WDNHQWRVHHWKDWWKHGLVNLVXQGHUVWULFWFRQILQHPHQWDQGQRVOLSSDJHRFFXUVGXULQJ+37EHWZHHQWKHGLVNDQGWKH
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WZRDQYLOV$OVRSURSHUDOLJQPHQWEHWZHHQWKHXSSHUDQGWKHORZHUDQYLOVZDVYHULILHGGXULQJSURFHVVLQJRIHYHU\
VDPSOHDVDQ\PLVDOLJQPHQWRUHFFHQWULFLW\EHWZHHQWKHDQYLOVZRXOGFDXVHDV\PPHWULFSURFHVVLQJRIWKHVDPSOHV
%DVHG RQ WKH JHRPHWU\ RI WKH DQYLO DQG WKH IROORZLQJ UHVWULFWLRQV RQ ODWHUDO IORZRI WKHPDWHULDO WKH SUHFLVH
FKDUDFWHULVWLFV RI +37 SURFHVVLQJ PD\ EH GLYLGHG LQWR WKUHH VHSDUDWH FDWHJRULHV >+RKHQZDUWHU HW DO @ ,Q




RI WKH GLVN GXULQJ SURFHVVLQJZKLFK FRQWUDVWVZLWK FRQVWUDLQHG+37ZKHUH WKH VDPSOH LV KHOG LQ SODFHZLWKLQ D
GHSUHVVLRQZLWKRXWDQ\SRVVLELOLW\RIRXWZDUGIORZRIPDWHULDO 7KHPDMRUDGYDQWDJHRIWKH+37SURFHVVLV WKDW LW
DSSOLHVPD[LPXPVWUDLQFRPSDUHG WRDOORWKHU63'WHFKQLTXHV LQDYHU\VLPSOHIDVKLRQ >/LJGDHWDO@ 7KH
FRPSUHVVLYH ORDG DSSOLHG LQ FDVH RI+37SURGXFHV FRPSUHVVLYH VWUHVVHV WKDW DUH YHU\ HIIHFWLYH LQSUHYHQWLQJ WKH
FUDFNLQJ RIVDPSOH DQGWKHWRUVLRQDOVWUDLQLQJRIWKLQGLVNDFKLHYHGE\WKHURWDWLRQRIDQYLOSURGXFHVVHYHUHSODVWLF
GHIRUPDWLRQ >6NURW]NL HW DO @ 7KH WKLFNQHVV RI +37 VDPSOH LV OLPLWHG LQ RUGHU WR HQVXUH KRPRJHQRXV
GHIRUPDWLRQ LQ WKH D[LDO GLUHFWLRQ WKURXJKRXW WKH YROXPH RI VSHFLPHQ )ROORZLQJ +37 HDFK GLVN ZDV SROLVKHG
FDUHIXOO\ XVLQJJULW HPHU\SDSHU DQG DQ DOXPLQD ȝPVXVSHQVLRQ&DUHZDV WDNHQ WR DYRLG DQ\ KHDWLQJ
GXULQJSROLVKLQJ8VLQJ $%,WHFKQLTXH WKH PHFKDQLFDOSURSHUWLHV RIWKH+37SURFHVVHGVSHFLPHQVZHUHHYDOXDWHG
 5HVXOWVDQGGLVFXVVLRQV
 $%,WHFKQLTXH UHVXOWV IRU +37SURFHVVHG $ODOOR\




7DEOH $%,WHFKQLTXH UHVXOWVRI +37SURFHVVHG$ODOOR\
1RRI7XUQV 3RVLWLRQ .03D Q <603D 87603D +DUGQHVV%+1
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQV &HQWHU     
(GJH     
7KHYDULDWLRQRI VWUDLQKDUGHQLQJFRHIILFLHQWDQG VWUHQJWKFRHIILFLHQW IRU $ODOOR\ LVSORWWHG LQ WKH)LJ
DJDLQVWWKH LQFUHDVLQJQXPEHURI+37WXUQV ZKHUHDV )LJ VKRZVWKH FRQWLQXHVHQKDQFHPHQW RI \LHOGVWUHQJWKDQG
XOWLPDWH WHQVLOH VWUHQJWK ZLWK LQFUHDVLQJQXPEHURI +37 WXUQV7KH ILUVW LPSRUWDQW FRQFOXVLRQ IURP LQVSHFWLRQRI
)LJ  LVWKDW DVWKHQXPEHURI+37WXUQV DUH LQFUHDVLQJ WKHUHLVFRQWLQXHVHQKDQFHPHQWRI ERWKWKHXOWLPDWHWHQVLOH
VWUHQJWKDQG\LHOGVWUHQJWK RI$ODOOR\)RUHYHU\GLVNSURFHVVHGE\+37 WKH\LHOGVWUHQJWKDQGWKHXOWLPDWH
WHQVLOHVWUHQJWKDUHKLJKHUDWWKHFLUFXPIHUHQFHRIWKHGLVNFRPSDUHGWRWKHLUYDOXHV DWWKHFHQWHULUUHVSHFWLYHRI WKH






7KH XOWLPDWH WHQVLOH VWUHQJWK DW WKH FLUFXPIHUHQFH RI GLVN DIWHU  WXUQV RI +37 HQKDQFHG  WLPHV KLJKHU
FRPSDUHGWRWKHXQSURFHVVHGVDPSOH6LPLODUO\WKH\LHOGVWUHQJWKDWWKHFLUFXPIHUHQFHRIGLVNDIWHUWXUQVRI+37
HQKDQFHGò WLPHV KLJKHU FRPSDUHG WR WKHXQSURFHVVHG VDPSOH ,W FDQEH VHHQ IURP(TXDWLRQ  WKDW WKHEDVLF
QDWXUH RI +37 SURFHVV LV WR LPSRVH KLJKHU HTXLYDOHQW VWUDLQ RQ WKH GLVN ZLWK LQFUHDVLQJ UDGLXV U +HQFH WKH
HTXLYDOHQW VWUDLQ LV KLJKHU DW WKH FLUFXPIHUHQFHRI GLVNV ZKHUHDV LW LV ORZHU QHDU WKH FHQWHUZKLFK LV YHU\PXFK
HYLGHQWIURPWKH\LHOGVWUHQJWKDQGXOWLPDWHWHQVLOHVWUHQJWKYDOXHVVKRZQLQ7DEOH
)URP)LJLWFDQEHVHHQWKDWWKHVWUHQJWKFRHIILFLHQWDOVRLQFUHDVHVZLWKLQFUHDVLQJQXPEHURI+37WXUQVDQGLW
LV FRQWLQXRXVO\ KLJKHU DW WKH FLUFXPIHUHQFH RI WKH GLVNV FRPSDUHG WR FHQWHU IRU DOO GLVNV SURFHVVHG E\ YDULRXV
QXPEHURI+37WXUQV+RZHYHUZLWKWKHLQFUHDVLQJQXPEHURI+37WXUQVWKHUHLVGHFUHPHQWLQWKHYDOXHVRIVWUDLQ
KDUGHQLQJ FRHIILFLHQWZKLFK LQGLFDWHV WKDW WKH IRUPDELOLW\ RI$O DOOR\GHFUHDVHVZLWK LQFUHDVLQJ QXPEHURI
+37 WXUQV 7KH YDOXHV RI %ULQHOO KDUGQHVV QXPEHU IURP 7DEOH  DOVR VKRZ D VLPLODU YDULDWLRQ OLNH WKH \LHOG
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 $%,WHFKQLTXH UHVXOWVIRU +37SURFHVVHG$ODOOR\
7DEOH  $%,WHFKQLTXH UHVXOWVRI+37SURFHVVHG$O DOOR\
1RRI7XUQV 3RVLWLRQ .03D Q <603D 87603D +DUGQHVV%+1
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQ &HQWHU     
(GJH     
WXUQV &HQWHU     
(GJH     
0HFKDQLFDOSURSHUWLHVRI$ODOOR\REWDLQHGIURP $%,WHFKQLTXHIRUGLVNVSURFHVVHGE\YDULRXVQXPEHURI
+37WXUQVDUHVXPPDUL]HGLQ7DEOH ERWKDWWKHFHQWHUDQGHGJHRIGLVNV7KH\LHOGVWUHQJWKDQGXOWLPDWH WHQVLOH
VWUHQJWKRI$O DOOR\ VKRZ WKH VLPLODU WUHQG DV$O DOOR\ZKLFK LQFUHDVH FRQWLQXRXVO\ DV WKHQXPEHURI
+37WXUQVDUHLQFUHDVHG 7KHXOWLPDWH WHQVLOHVWUHQJWKDW WKHHGJHRIGLVNDIWHUWXUQVRI+37 IRU$ODOOR\
DWWDLQHGDYDOXHRI03DZKHUH DV LWZDV03DIRU$O DOOR\ )LJ VKRZV WKHLPSURYHPHQWRI\LHOG




386   Deepak C. Patil et al. /  Procedia Materials Science  5 ( 2014 )  379 – 386 
 6XPPDU\DQGFRQFOXVLRQV
x &LUFXODU GLVNV RI FRPPHUFLDO $O DOOR\ DQG $O DOOR\ ZHUH VXFFHVVIXOO\ SURFHVVHG XS WR D
PD[LPXPRIWXUQV RIKLJKSUHVVXUHWRUVLRQ +37XQGHUDQDSSOLHGSUHVVXUHRI*3DDQGDWDWPRVSKHULF
WHPSHUDWXUH
x 3URFHVVLQJ E\+37LVQRZZHOOHVWDEOLVKHGDVDSURFHGXUHIRU WKHHQKDQFHPHQWRIIXQGDPHQWDOPHFKDQLFDO
SURSHUWLHV LQFOXGLQJ WKH \LHOG VWUHQJWK DQG WKH XOWLPDWH WHQVLOH VWUHQJWK E\ JUDLQ UHILQHPHQW WR WKH
VXEPLFURPHWHU OHYHO RU HYHQ WR QDQRPHWHU OHYHO ([WHQVLYH H[SHULPHQWV RQ $O DOOR\ DQG $O
DOOR\ KDYHSURYLGHGGHWDLOHGLQIRUPDWLRQRQWKHHQKDQFHGPHFKDQLFDOSURSHUWLHVRIWKHVHDOOR\V
x 7KH\LHOGVWUHQJWKDQGXOWLPDWHWHQVLOHVWUHQJWK 876 RIWKHERWK$ODOOR\DQG$ODOOR\VKRZHG
DSURJUHVVLYH LPSURYHPHQW ZLWK LQFUHDVLQJ QXPEHURI+37 WXUQV 7KH876 DW WKH HGJHRI GLVN DIWHU 
WXUQVRI+37HQKDQFHGWRa03DIRU$ODOOR\DQGWRa 03DIRU $ODOOR\
x %HFDXVH RI WKH VPDOOHU GLPHQVLRQV RI+37 SURFHVVHG VDPSOHV LW ZDV HVVHQWLDO WR XVH D QRQGHVWUXFWLYH
WHVWLQJ1'7WHFKQLTXHIRU HYDOXDWLQJWKHLUPHFKDQLFDOSURSHUWLHV7KH DXWRPDWHG EDOOLQGHQWDWLRQ $%,





.DZDVDNL 0  'LIIHUHQW PRGHOV RI KDUGQHVV HYROXWLRQ LQ XOWUDILQHJUDLQHG PDWHULDOV SURFHVVHG E\ KLJKSUHVVXUH WRUVLRQ -RXUQDO RI
0DWHULDOVFLHQFH
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